Titanium dioxide nanoparticles (TiO 2 NP) are possible carcinogenic materials (2B-IARC) and their toxicity depends on shape, size, and electrical charge of primary NP and on the system formed by NP media. The aim of this work was to characterize agglomerates of three TiO 2 NP by evaluating their morphometry, stability, and zeta potential ( ) in liquid media and their changes with time. Sizes of agglomerates by dynamic light scattering (DLS) resulted to be 10-50 times larger than those obtained by digital image analysis (DIA) given the charged zone around particles. Fractal dimension (FD) was highest for agglomerates of spheres and belts in F12K, and in E171 in FBS media. E171 and belts increased FD with time. At time zero, using water as dispersant FD was larger for agglomerates of spheres than for of E171. Belts suspended in water had the smallest values of circularity (Ci) which was approximately unchanged with time. All dispersions had values around −30 mV at physiological pH (7.4) and dispersions of NP in water and FBS showed maximum stability (Turbiscan Lab analysis). Results help in understanding the complex NP geometry-size-stability relationships when performing in vivo and in vitro environmental-toxicity works and help in supporting decisions on the usage of TiO 2 NP.
Introduction
Titanium dioxide (TiO 2 ) nanoparticles (NP) in the form of anatase are a white synthetic powder used in a wide range of nanotechnology applications given their anticorrosion and photocatalytic properties and they are difficult to dispose [1] . Nearly 70% of all TiO 2 NP produced in the form of spheres are used as a pigment in paints, but they are also used in glazes, enamels, plastics, paper, fibers, pharmaceuticals, cosmetics, and toothpaste [1] . They are particularly used in cosmetic and skin care products, for example, in sunscreens in which they help in protecting the skin against UV light damage. Due to their photocatalytic properties, TiO 2 NP have also been used in wastewater treatment [2, 3] and in solar cells [1, 4] . For aquatic environments, it is difficult to determine their potential ecotoxicological impacts in fish given the lack of understanding of the complex interactions existing in these systems and of data on the bioavailability of TiO 2 NP in aquatic environments [5] . Other TiO 2 types, such as nanobelts, include antimicrobial, environmental, and medical applications [1] . Particularly, E171 particles have been used as an additive in foodstuffs in sugar products, candies, chewing gum, coffee whitener, and pet food [1] . The use of TiO 2 has been classified as safe by the Food and Drug Administration (FDA) (<1% w/w in food applications) and the European Food Safety Authority (EFSA) as E171; children are subjected to higher exposure levels (around 2 mg of TiO 2 per kg/day) than adults (around 1 mg of TiO 2 per kg/day) [1] . However, other agencies such as the IARC classify TiO 2 as a possible carcinogenic compound (group 2B) to humans when entering human body by respiratory paths. The NIOSH have recommended that concentration of this compound should not exceed 0.3 mg of TiO 2 NP/m 3 in working spaces. There are various reports on the effects of chronic human exposure to TiO 2 NP such as oxidative stress [6] , DNA damage [7, 8] , cell injury [9] , enhancement of Crohn's disease symptoms [10, 11] , respiratory damage and asthma [12] , and nephrotoxic effects [13] . The size of NP is also important and, in this respect, a correlation between particle size, chronic exposure to TiO 2 NP, and lung injury in Wistar rats exposed to TiO 2 NP (20-250 nm) was found [14] . Authors have suggested that the surface area of the retained particles was a good dose determinant [14] . Moreover, when performing a number of in vitro and in vivo experiments, the formation of NP media agglomerates determines the size and form in which TiO 2 first contact cells and tissues so that morphometric and physicochemical characteristics of such agglomerates importantly determine the effects of TiO 2 on those cells and tissues. The various effects in humans, rats, and mice exposed to TiO 2 NP are directly related to the properties of the primary NP and their agglomerates, such as shape, size, electrical charge, and surface [15] [16] [17] . It has been recognized that the smaller the agglomerates are, the easier they will reach deeper zones in the organism and disperse in body fluids [18] . In vitro testing has been used to determine the potential toxicity of NP before proceeding with in vivo studies [19] . Shape and size are critical in phagocytosis processes [20] and it has been observed that ellipsoidal particles showed a larger adhesion to endothelial cells in blood vessels than the spherical ones during flow dynamic studies [21] .
The works mentioned above suggest that there is an intrinsic relationship between the properties of the NP media and their biological effects. Most of the recent toxicity studies have focused on physicochemical properties of the NP (in particular in the form of spheres) and on approaches focused to predict how TiO 2 NP arrays enter the respiratory system in contaminated environments or when particles such as E171 (used in food applications) pass in the digestive system [6, 14, 16, 22, 23] .
Assembling of TiO 2 NP has been related to their size, morphology, , pH, and surface area of agglomerates and primary particles [13] . Information on the morphology of such agglomerates has not been fully considered when trying to understand key function issues of interfaces such as cell internalization mechanisms after environmental exposure.
Morphology and surface properties of the TiO 2 NP agglomerates could help to understand the mechanisms of such internalization into cells and to identify the type of receptors involved in the internalization processes and determining the triggering of different signaling cascades in the cells. For instance, it has been reported that when NP have a high aspect ratio, the tendency of agglomerates to adhere to cell walls is larger than when this parameter is low [21] .
Size, contact area, and morphology of NP agglomerates are influenced by the media in which they are suspended and by the corresponding NP size, pH, stability, and which must be evaluated in dispersions formed in particular media [16, 23] . Information about morphology of NP can be obtained by means of digital image analysis (DIA) which is the construction of explicit, meaningful, and quantitative descriptions of objects from captured images [24] as, for example, for individual particles or for their respective agglomerates [25] . DIA complements common microscopy observations by allowing the quantification of shape and size features [26] . This tool has been used for studying crystal shapes [27] , in order to characterize materials such as granulated powder grains of pharmaceutical microparticles [28] , as well as describe the morphology of strontium molybdate agglomerates [29] as well as study a number of biological phenomena such as angiogenesis [30] . The principle of this technique is the digitalization of an image into picture elements (pixels) and further extraction, processing, and classification of obtained data [31] [32] [33] . Stability with time of dispersions, on the other hand, has been evaluated by light retrodispersion techniques such as those based in the use of the Turbiscan Lab. Changes of physicochemical and morphometric characteristics of agglomerates influence their role in their physiological effects such as those related with the binding with molecules such as proteins thus forming the so called protein corona [34] [35] [36] . The aim of this work was to study size, morphology, , and stability with time of three types of TiO 2 NP agglomerates in different media used in toxicology and environmental in vivo and in vitro studies.
Material and Methods

Titanium Dioxide Nanoparticles (TiO 2 NP).
Three types of TiO 2 NP were used in this study: anatase from Sigma Aldrich (Cat # 637254) <25 nm particle size, 99.7% purity, E171 kindly donated by Sensient Colors (México), and belts NP from the Nanotechnology and Nanostructured Materials Laboratory facilities of CCADET-UNAM, México. Culture media used were, F12 Kaighn's modification (F12K Kaighn's) Sigma Aldrich # N35 20, fetal bovine serum (FBS) (GIBCO 16000044), and the combination (1 : 10) of F12K and FBS media. Control samples were prepared by using Milli-Q (type-1) water. All measurements of physicochemical and morphological characteristics of the agglomerates were made at time zero and subsequently at 180 and 1440 min of incubation time. These times were selected based on the fact that it has been reported that internalization into cells in in vitro systems has been reported to take place within 180-1440 min (24 h) [46] . 
Backscattering and Transmission Profiles (Turbiscan Lab Stability Analysis).
A Turbiscan Lab Expert optical analyzer was used to determine stability of the different TiO 2 NP in the various media used as the variation of backscattering (ΔBS) and transmission (Δ ) profiles as reported elsewhere [34] [35] [36] . These parameters are calculated by obtaining differences in light backscattering and transmission intensities during time. Kinetics of ΔBS and of Δ profiles were carried out during 180 min (15-minute intervals) [36] .
Digital Image Analysis.
Digital image analysis was carried out by means of the Image J 1.43 software (National Institutes of Health, USA). In this sense, 1 mg of TiO 2 NP was suspended in 1 mL of Milli-Q type-1 water and sonicated for 30 minutes at 40 Hz and 2.4 L aliquots were added to the media so that the final concentration of TiO 2 NP was 3.43 × 10 −3 mg/ L; then 30 L was pipetted in a grilled Formvar/carbon 100 copper meshes and, after 1 minute, they were blotted with tissue paper to eliminate the excess of liquid by using Whatmann paper and left overnight before TEM images were captured and converted to binary maps using automatic thresholding (255 white field). The following morphometric parameters were evaluated for NP formed agglomerates in each media: projected area ( ), perimeter ( ), circularity (Ci), Feret diameter (Fe), and aspect ratio (AR). Quantification of areas was carried out by means of the software as the sum of the individual areas of the pixels composing the object while the perimeter was obtained by adding the sizes of the pixels forming the image contour. The Ci of the agglomerates was measured as the ratio area/perimeter [47] . The Fe was determined as the maximum distance between two extremes of the object [31] and the AR as the relationship between the maximum and the minimum perpendicular axis of the object. Fractal dimension (FD) was evaluated by using the box counting method, that is, the amount of boxes ( ( )) of different sizes ( ) that were in contact with the perimeter of the agglomerate by using a virtual grid. FD was then calculated as the slope of the straight line, log ( ) versus log( ) [48] . All descriptors were evaluated for 2D images corresponding to 3D objects which have been customary practice in this type of analysis [49] .
For a fractal object, its linear characteristic dimension is, in this case, the Feret diameter (Fe) and a function of the area of the object or Fractal area, F , can be related to Fe through a power law expression of the type given by [50, 51] F Fe FD .
This proportion was applied to the corresponding FD values of the agglomerates for each TiO 2 NP used, and correlations (Pearson) between F and Fe FD were evaluated.
Statistical Analysis.
The resulting image analysis parameters were statistically analyzed by means of the Prism Graphpad software (USA). One-way ANOVA analysis was carried out by using Bonferroni's tests for contrasting means and considering a significance level of 2 = 0.05.
Results and Discussion
Hydrodynamic Diameter and Potential.
Different manners of agglomeration were observed for each type of TiO 2 NP in the studied media, giving place to a variety of sizes and morphologies of agglomerates that will have a marked influence on their environmental activity. No correlation was found between the smallest and the largest sizes of agglomerates formed in each media with the type of NP in the initial sample (0 min) which was due to different kind, magnitude, and interactions between particles and media [34, 35] . The appearance of each type of primary NP is observed in Figure 1 . Hydrodynamic diameters (HD) of TiO 2 NP agglomerates formed in the four media are presented in Figure 2 . All agglomerates showed marked increments in size followed by a fluctuating behavior of this parameter ( Figure 2 ) which might be due to complex phenomena related with the disruption and to the building up of the soft and hard protein corona [36] . Also, all agglomerates showed larger sizes as compared with the initial ones at 180 and 1440 min indicating that a dynamic interaction TiO 2 -media prevailed during the experiment. These oscillating behaviors have been reported for a number of different NP in different media [36, 52] . Sizes (as Feret diameters) of agglomerates measured by DLS were larger (10-50 times) than those evaluated by DIA as it was previously reported by other authors [53] , who found similar differences when characterizing TiO 2 spheres NP, Al 2 O 3 NP, and SiO 2 NP suspended in FBS media. This difference was attributed by these authors to the electrical charged layer formed around the particles considered for the DIA experiments. The thickness of this layer is considered when obtaining the HD values and no correlation was found between the smallest and largest sizes of agglomerates formed in each media and the shape of the NP which was attributed to different magnitudes and types of interactions between particles and media. The composition of the media promotes a number of interactions on the surface of TiO 2 NP, inducing the modification of interfaces, formed mainly by the protein fraction of the media around the particles [16, 23] which may change the average and distribution of the sizes of the agglomerates ( Figure 2 ). The smallest sizes of agglomerate evaluated by DLS were found for spheres and belts in FBS media which has been reported to be a good dispersant [23] , followed by belts particles in FBS and finally by spheres in water. These findings could indicate that media rich in albumin and fibrinogen such as blood would enable internalization of belts and E171 particles by endothelial cells. The value of the E171 dispersions was higher than that for belts and spheres ( Figure 3 ). In particular, the size and of TiO 2 NP dispersed in H 2 O (209 ± 9 nm and 30.2 mV) at zero time, BEGM (833 ± 115 nm and −9.4 ± 0.8 mV), and DMEM media (843±69 nm and −7.4 mV) were reported [22] . Additionally, the sizes of three types of spherical TiO 2 NP dispersed in DMEM + 10% FBS were also evaluated and sizes of agglomerates from 5.8 to 14.6 nm were found [54] . Also, values around −15 mV for agglomerates of TiO 2 NP spheres dispersed in H 2 O were found [15] and authors also reported values of −9 ± 1 mV in agglomerates of TiO 2 NP spheres suspended in RPMI + 10% FBS media, while, in the present work, of agglomerates of spherical TiO 2 NP dispersed in H 2 O was −16.2 ± 1 mV and that of the agglomerates of E171 dispersed in F12K + FBS media was −30.5±2 mV at zero time. The highest value of the dispersion was found for E171 NP in water with a value of −49.3±1.9 mV. of spheres increased, from −5.8 mV in single F12K and FBS media, to −20.9 ± 0.7 mV for the F12K + FBS, while the of E171 increased from −21 mV for single F12K and FBS media, to −30.5 mV when using the mixture of F12K and FBS media. Stability of with time can be observed in Figure 3 . It is noteworthy that, for all systems, this parameter showed maximum stability at 180 min and fluctuated at other time intervals. It has been reported [46] that internalization of agglomerates to cells in in vitro systems happens within 180 min. It is noteworthy that increments in hydrodynamic diameter of agglomerates in F12K and F12K + FBS at 180 min were related to decrements. This was expected given the small proportion (10%) of FBS in F12K + FBS media. variation with pH was determined by constructing titration curves for each media and type of NP (Figure 4) . No important differences were found between the isoelectric points for the different types of TiO 2 NP when they were dispersed in the colloidal system (except for water), having an average isoelectric point (IEP) of 4-6. The IEP of anatase and rutile Degussa TiO 2 NP dispersed in water and NaCl solutions was studied by different authors [22, 55, 56] who found isoelectric pH values varying from 2.9 to 6.9 [15] . In the present study, the IEP obtained when TiO 2 NP dispersed in water was around 2 for all media used. values found for TiO 2 NP suspensions (except for dispersions in water) at physiological pH (7.4) were as E171 < belts < spheres so that, at physiological conditions, E171 agglomerates will precipitate easier than those formed by spheres and, consequently, accumulate when contacting cells. However, spheres and belts dispersions had low negative values at pH > 10. The same trend was observed for E171 dispersions at pH ≈ 12 as well as for belts suspended in F12K and F12K + FBS at pH ≈ 10, and for TiO 2 suspended in F12K at pH ≈ 12. Also for all types of TiO 2 NP dispersions, a low negative region was observed for dispersions in H 2 O at pH ≈ 3 while, in all the other media at this pH, all the agglomerates formed suspensions with values < 30 mV. Negative values (associated with negative particles charge) indicate a desorption of protons from the surface of the particle [57] [58] [59] .
Size, shape, and are distinctive characteristics of each NP system and this type of studies is recommended for the design of in vivo and in vitro experiments directed to various toxicological related studies. Morphology of NP influences their shape and self-assembly and thus their at different pH values [60] . High and low pH values induced the formation of agglomerates having different shapes which explained the differences found among the titration curves of the agglomerates formed with different types of TiO 2 NP 6 Journal of Nanomaterials [60]. Morphometry, stability, and of TiO 2 NP can help to determine if they are prone to be transported by physiological fluids or accumulated in body tissues [21] .
The HD size and surface electric charge of NP have marked effects on the way in which an organism responds to TiO 2 exposure. It was observed that surface charge of NP contributed to determining the blood brain barrier integrity and its permeability [61] .
Backscattering and Transmission Profiles (Turbiscan Lab
Stability Analysis). ΔBS and Δ for the different TiO 2 NP media systems used are reported in Figure 5 . It is possible to observe that dispersions of TiO 2 NP in water and in FBS showed the maximum stability for 180 min since they presented a lower intensity of ΔBS and Δ (negative and positive peaks, resp.) corresponding to top and bottom of Turbiscan cell than those corresponding to the other media used so that these agglomerates after internalization will have the tendency to remain in suspension (thus to spread) within structures containing serum such as in the blood vessels. Marked stability (measured by ) of TiO 2 NP in these media has also been reported by Allouni et al. (2009) [15] . Protein adsorption to particles often plays a decisive role in dispersion stability and albumin (which is the main protein component of FBS) has been reported to show a considerable affinity by TiO 2 NP [33, 47] . from the primary particles in different media are presented in Figure 6 ; differences in the morphology of the agglomerates in each medium can be qualitatively appreciated which influenced their physiological action [21] . Changes of size with time were typical for all systems and formation of stripes was evident for TiO 2 in the form of belts. It is noteworthy that obtained shapes were markedly different from those of the primary particles ( Figure 1 ). 2D images obtained by using TEM and SEM showed snowflakes morphology was observed for agglomerates of spheres dispersed in water that may indicate aggregation controlled by diffusion which has also been reported by different authors [15, 62] based on TEM images when working with TiO 2 NP spheres dispersed in water [63] . Projected areas of agglomerates formed in the different media used with the various types of TiO 2 NP are shown in Figure 7 . Spheres in F12K media had the largest projected areas of agglomerates while particles dispersed in F12K + FBS had the smallest ones which may make their internalization difficult. This would be more evident when they are dispersed in F12K + FBS media. Areas of agglomerates had the tendency to increase with time and presented approximately the same projected areas at 1440 min of incubation. Perimeters of the agglomerates formed in the four different media are presented in Figure 7 . All systems had the same already mentioned tendency to increase the projected areas and also reached a maximum value at 1440 min ( Figure 7 ). This was due to the direct relationship existing between these two parameters [47] .
Values of the circularity (Ci) of the agglomerates formed in the different media are shown in Figure 7 . A significant difference ( < 0.05) was found in the Ci of the agglomerates of spheres in FBS and H 2 O, but there were not significant differences in this parameter for the agglomerates formed by E171 NP and belts in the same media or for the agglomerates formed for the same NP in F12K and in F12K + FBS. It was observed that the lowest value of Ci was obtained for the agglomerates of spheres in H 2 O which may have been formed by agglomeration limited by diffusion [62] and which had a characteristic snowflake structure with Ci values around 0.5 and had been formed by individual particles with an average size of 413 nm ( Figure 7) . Ci of all systems remained practically unchanged for all systems (except for belts) with time for 1440 min (Figure 7 ), which indicated that increments in size did not affect their morphology. Ci of belts had a tendency to decrease with time ( Figure 7) , due to the abovementioned (see Figure 6 ) tendency to aggregate forming stripes (belts) [47] . Values of Fe of the agglomerates formed in H 2 O, SFB, and F12K + SFB are presented in Figure 7 . Values of HD were 10-50 times larger than those evaluated by DIA; this was due to the fact that HD considers the size of the electrical double layer formed around NP [62] . Largest Fe values were found in the NP suspended in FBS and F12K; however, when the NP were suspended in the F12K + FBS system, these values decreased by more than 50% in the case of spheres and by 20% for E171. The smallest agglomerates found by DLS (55.8 nm) and Fe (≈10 nm) by TEM were found for belts suspended in FBS which may be due to the fact that FBS is a good dispersant causing agglomerates in these media to be smaller [15] . Fe showed approximately the same tendency to increase than area and Ci and reached a maximum value at 1440 min as shown in Figure 7 .
The aspect ratios (AR) of the agglomerates formed in the four media are presented in Figure 7 . No differences were found in this parameter for agglomerates formed with spheres and belts although differences ( < 0.05) were found between agglomerates formed in E171, H 2 O, FBS, and F12K media. No differences were found ( > 0.05) between agglomerates formed in F12K + FBS. When agglomerates have rough surfaces, as in the case of belts in H 2 O, Ci, and AR values tended to be large since particles have a shape closer to a sphere but present borders, dents, and deformations that provoked the higher longest axis found.
Fractal Dimension.
Roughness of the contours of agglomerates was evaluated by their fractal dimension (FD), as presented in Figure 7 . Agglomerates presented values of FD values ranging within 1.3-1.7. High FD values (regardless of the size of the primary constituent particles) have been associated with irregular structures and with higher surface areas as compared to those having low FD [64] . Also, the FD of the agglomerates of spheres dispersed in H 2 O (which had snowflake-morphology) was larger than the FD value of the agglomerates of E171 and belts dispersed in the same media and which were also associated with the smallest Ci values and highest AR values. There were significant differences ( < 0.05) for the FD values of E171 agglomerates suspended in the different media. In addition, the FD values of E171 agglomerates dispersed in F12K cell culture media were smaller than those corresponding to agglomerates of spheres and belts in the same media which may be due to the amorphous geometry structure of the E171 primary nanoparticles that causes stereoscopic effects and high surface roughness.
The highest FD values found corresponded to agglomerates of spheres and belts dispersed in F12K and E171 dispersed in FBS as well as for spheres in H 2 O. Consequently these agglomerates had more spaces in their structures ( Figure 7 ) which made them more accessible to external compounds. FD for all systems showed a tendency to fluctuate with time of incubation. Dispersions in water presented the lowest fluctuations of FD values; dispersion of spheres had a tendency to increase and then to decrease and, in particular, dispersions in FBS had the biggest decrement of FD whereas FD values for dispersions of E171 in water and F12K increased and then decreased while dispersions in FBS and F12K + FBS decreased and then increased their FD. Belts in all media had approximately similar tendencies to decrease and then to increase. In all studied systems, agglomeration was carried out by aggregation and disaggregation of proteins, amino acids, and salts which interact in a complex and different way with TiO 2 in each system making the evaluation of irregularity of agglomeration (in the form of a FD) necessary when effects of TiO 2 NP on biological effects are investigated. Furthermore, the agglomerates attached to different compounds in the media might change their dynamics in the fluids before, during, and after cell internalization [14, 64] . All TiO 2 agglomerates followed a power law given by (1) in Section 2.5. High Pearson's correlation coefficients (Table 1) were associated with increased values of Fractal area of agglomerates evaluated by DIA which means that the filling of the area of agglomerates followed a fractional (fractal) exponent <2 (values of the fractal dimension at the initial times depicted in Figure 7 ) with reported Feret perimeters. Similar observations were reported in the filling of ampullas (structures related to capsaicin production in chili peppers) [52] .
Although TEM micrographs of TiO 2 NP agglomerates, as well as their size and values, have been published in previous works [15] , quantitative descriptors of their morphology have been scarcely reported. Differences in morphology and electric charge-related characteristics such as may cause marked differences in their biological effects when NP interacts in the environments with living organisms. For example, some authors microencapsulated lung-directed delivery proteins in the form of chitosan NP [54] having Fe of 430 nm and of −44 mV. In the cited work, media compounds seem to form a protein corona around TiO 2 NP agglomerates that modified its surface charge and morphology. Plasma and albumin are the major components of protein corona and its formation also depends on the affinity of the TiO 2 NP for the components of the media [46] . Nonetheless, little is known on the effect of particle physicochemical properties and the mechanisms of gastrointestinal particle uptake [65] . Size, type, composition, and morphology of the polymers have been studied for pharmacological purposes directed to absorption of micro or nanocapsules across mucosal barriers [66] . [53] , TiO 2 -cell culture media [23] , blood [67] , and bronchioalveolar fluids [14] is stressed that form layers of proteins around NP named protein corona [54] . A number of studies have been carried out regarding TiO 2 effects in different in vivo and in vitro systems and it is noteworthy that different morphologies, sizes, and charge (as ) of the TiO 2 agglomerates and primary particles cause a number of biological changes when they are internalized into cells. Also TiO 2 has been reported to influence such changes which were also dose-response. Detailed information of such effects is presented in Table 2 . It is noteworthy that nevertheless shape, size, and charge of primary TiO 2 NP are, in general, reported but no evaluation of size-morphometry of agglomerates has been found in relation to biological effects evaluated, and a lack of data in this regard is important. A quantitative study of morphometry, associated with corresponding sizes is, in general, missing although it has been recognized as important towards biological effects by different authors [54, [68] [69] [70] . It is also important to highlight that titration curves such as those evaluated in our work are, in general, scarce in the literature in spite of the fact that changes in pH are frequently associated with oxidative stress processes. The results from this work help to understand the complex NP geometry-size-stability relationships when performing toxicology and environmental studies as well as help in supporting forthcoming regulations regarding the usage of TiO 2 NP.
Conclusions
Different manners of agglomeration were observed for each type of TiO 2 NP in the different media. Sizes of agglomerates measured by DLS were larger than those evaluated DIA by 10-50 times due to the electrically charged zone formed around 16 Journal of Nanomaterials Mice Any modification of a nanomaterial, resulting in a wire, fibre, belt, or tube, is tested for pathogenic potential [45] the particles and whose thickness was included in the HD reported by DLS. Fe and AR correlated for E171 NP, and it was possible to differentiate between E171 agglomerates. Aspect ratio was a better descriptor of the shape of agglomerates than Ci since it allowed differentiating between particles. All determined areas of TiO 2 NP agglomerates followed a power law relationship with Fe FD . values found for TiO 2 NP suspensions (except suspensions in water) at physiological pH (7.4) were as follows: E171 < belts < spheres. Size, shape, and stability with time are distinctive characteristics of each NP media system so that this type of studies should be performed for the design of both in vivo and in vitro experiments. The results from this work can also help to understand the complex NP geometry-size-stability relationships when performing in vivo and in vitro environmentaltoxicity works and would help in understanding mechanisms by which morphometry, stability with time, and of TiO 2 NP determine if these NP will be carried by physiological fluids or accumulated in body tissues and will also help in supporting usage of TiO 2 NP.
